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ABSTRACT
We use astrometry of Pluto and other TNOs to constrain the sky location, distance, and mass of the
possible additional planet (Planet Nine ) hypothesized by Batygin and Brown (2016). We find that over
broad regions of the sky the inclusion of a massive, distant planet degrades the fits to the observations.
However, in other regions, the fits are significantly improved by the addition of such a planet. Our best
fits suggest a planet that is either more massive or closer than argued for by Batygin and Brown (2016)
based on the orbital distribution of distant trans-neptunian objects (or by Fienga et al. (2016) based on
range measured to the Cassini spacecraft). The trend to favor larger and closer perturbing planets is
driven by the residuals to the astrometry of Pluto, remeasured from photographic plates using modern
stellar catalogs (Buie and Folkner 2015), which show a clear trend in declination, over the course of two
decades, that drive a preference for large perturbations. Although this trend may be the result of systematic
errors of unknown origin in the observations, a possible resolution is that the declination trend may be
due to perturbations from a body, additional to Planet Nine , that is closer to Pluto, but less massive than,
Planet Nine .
Subject headings: astrometry; ephemerides; Pluto; Kuiper belt
1. Introduction
Uranus had made nearly one full orbit since its dis-
covery, when astronomers reported large deviations
in its observed sky positions compared with those
predicted by available ephemerides (Bouvard 1824).
Based on those residuals, Le Verrier and Adams (Le
Verrier 1846a,b; Adams 1846) predicted the exis-
tence of Neptune, which was discovered shortly there-
after (Galle 1846). That celebrated success ensured
that scientists would sporadically revisit the possibil-
ity of yet undiscovered planets in the solar system
(See Tremaine 1990, Hogg et al. 1991 and Gaudi and
Bloom 2005 for reviews).
Although similar anomalies in the positions of Nep-
tune motivated the search that ultimately resulted in
the discovery of Pluto (Lowell 1915), Pluto was not
sufficiently massive to account for them. Improved
planetary ephemerides, based on more accurate plane-
tary masses and careful vetting of observational data,
eliminated most of those residuals (Standish 1993;
Quinlan 1993).
Nevertheless, the discovery of the Kuiper belt (Je-
witt and Luu 1993), including its intricate dynamical
structure (Malhotra 1995; Gladman et al. 2012), de-
tailed size distribution (Gladman et al. 2001; Bern-
stein et al. 2004; Fraser et al. 2014), numerous large
members (Brown et al. 2004, 2005; Schwamb et al.
2010), and distant components (Gladman et al. 2002;
Brown et al. 2004; Trujillo and Sheppard 2014), rekin-
dled enthusiasm for the possibility of additional plan-
ets, orbiting undetected in the far-reaches of the outer
Solar System. A number of current solar system
formation models feature large-scale planet migra-
tion (Ferna´ndez and Ip 1996; Malhotra 1993, 1995;
Levison and Morbidelli 2003; Morbidelli et al. 2005;
Tsiganis et al. 2005; Levison et al. 2008), additional gi-
ant planets formed ∼ 5− 35 AU from the Sun and then
scattered within or ejected from the solar system (Chi-
ang et al. 2007; Bromley and Kenyon 2014, 2016b),
or the formation of planets at larger distances (Kenyon
and Bromley 2015, 2016b).
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An additional planet could leave observable sig-
natures in the orbital distribution of trans-neptunian
objects (TNOs). Brunini and Melita (2002) investi-
gated the effect of a relatively close (∼ 60 AU), Mars-
mass object embedded in the Kuiper belt (KB) region,
proposing that such an object could naturally explain
the observed “edge” in the KB distribution at ∼ 50 AU,
although later work found that such a body would be
inconsistent with other features of the observed orbital
distribution of TNOs Melita et al. (2004). Lykawka
and Mukai (2008) also simulated the dynamical evolu-
tion of the outer solar system under the influence of a
planet with a mass a few tenths that of the Earth. They
hypothesized that such a body was scattered out by one
of the giant planets, causing it to excite the primordial
Kuiper belt to the levels observed at 40 - 50 AU while
also truncating it at ∼ 50 AU. Subsequent interactions
then pushed the outer planet into a distant ( >∼ 100 AU)
and inclined (20◦ − 40◦) orbit.
Gomes et al. (2006) examined the long-term, secu-
lar influence of a planet in the inner Oort cloud on the
orbits of scattered disk objects with initial perihelion
values near Neptune (32 < q < 38 AU). They find that
such a planet, with a Mc/b3c > 0.8 × 10−14MAU−3,
where bc =
√
ac(1 − e2c) (ac and ec being the respective
semi-major axis and eccentricity of the companion),
can lift the perihelia of scattered-disk objects (SDOs)
to q > 75 AU (values seen for Sedna and 2001 CR105
and other extreme scattered disk objects) on Gyr time
scales.
In their paper announcing the discovery of 2012 VP113,
Trujillo and Sheppard (2014) pointed out that the
known “extreme scattered disk objects” (semi-major
axes a > 150 AU and perihelion distances q > 30 AU)
have arguments of perihelion clustered near ω ≈
340◦ ± 55◦. They emphasized that observational bias
cannot account for this clustering. Their simulations
showed that a super-Earth-mass body at 250 AU can
maintain the values of ω near zero for billions of years.
Trujillo and Sheppard (2014) speculated that such a
planet is responsible for the observed argument of per-
ihelion clustering and note that such a planet, with
very low albedo, would be fainter than the detection
limits of current surveys. de la Fuente Marcos and de
la Fuente Marcos (2014) used simulations of obser-
vational surveys to confirm that the orbital clustering
of extreme scattered disk objects pointed out by Tru-
jillo and Sheppard (2014) is unlikely to be the result of
observational bias.
Gomes et al. (2015) examined the orbital distribu-
tion of distant centaurs (a > 250 AU) and found that
the large fraction of such distant objects which are lu-
minous (compared to classical centaurs), can be best
explained by the existence of one or more distant plan-
ets in the extended scattered disk.
Batygin and Brown (2016) discovered that the or-
bits of distant KBOs cluster not only in argument of
perihelion, but also in physical space. They found that
the observed orbital alignment could be maintained by
a distant, eccentric planet of mass ∼ 10 M⊕ orbiting in
approximately the same plane as the KBOs, but with
a perihelion 180◦ away. In addition they found that
such a planet could explain the orbits of high semi-
major axis objects with inclinations between 60◦ and
150◦, whose origin was previously unclear. Despite its
otherwise impressive specificity, the long-term dynam-
ical analysis of Batygin and Brown (2016) does not di-
rectly constrain the location of Planet Nine within its
orbit.
Most of the constraints on the mass and orbit of
Planet Nine have come from the observed orbital dis-
tribution of TNOs and how Planet Nine could account
for peculiar features of that distribution; upper limits
from dynamical effects that are not observed (Hogg
et al. 1991; Iorio 2009, 2012, 2014); non-detections in
optical (Brown et al. 2015) and infrared surveys (Luh-
man 2014); and models of the physical properties such
a planet might have (Ginzburg et al. 2016). Other in-
vestigations have used the simulation of orbital distri-
butions and survey results to constrain the sky plane
location of Planet Nine (Brown and Batygin 2016; de
la Fuente Marcos and de la Fuente Marcos 2016).
However, the analysis of the precision ranging
measurements to the Cassini spacecraft (Fienga et al.
2016), or studies of the resonant interactions that dis-
tant objects would have with Planet Nine (Malhotra
et al. 2016), can also favor or rule out particular sky-
plane positions for the planet, on a physical basis. To
our knowledge, the Cassini range measurements are
the only direct observations that support the existence,
mass, and orbit of Planet Nine .
In the present investigation, we examine the astrom-
etry of Pluto and other TNOs to search for direct evi-
dence of Planet Nine . Precise positional observations
of these bodies have the potential to be particularly
sensitive to the mass and orbit of Planet Nine , for
a number of reasons. The astrometry of Pluto spans
more than a century (pre-discovery observations date
to 1914), and a number of the large TNOs have been
observed for several decades. These long time spans
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allow the effects of weak perturbations to accumu-
late. The large heliocentric distances of these bodies
also make them sensitive probes to tidal perturbations.
Finally, the availability of improved stellar catalogs,
with reliable proper motions, permit the accurate re-
measurement of archival data.
We organize the remainder of this paper as fol-
lows. In section 2, we present our model and numer-
ical methods. In section 3, we describe the observa-
tional data to which we apply our model. In section 4,
we extend our method to the full sky, and in section 5,
we present those results. In 6, we discuss our conclu-
sions and review the overall constraints on the exis-
tence of Planet Nine .
2. Numerical Method
Following the approach of Hogg et al. (1991), we
test whether fits to the orbits of Pluto and a set of well-
observed TNOs are improved by the inclusion of a
massive, distant perturber. We use χ2 to evaluate the
fit, where χ2 is approximately
χ2 =
∑
i
cos2(δo,i)
(
αo,i − αc,i
σα
)2
+
(
δo,i − δc,i
σδ
)2
. (1)
The observed RA and Dec of the i-th observation are
αo,i and δo,i, and the corresponding calculated values
from the model are αc,i and δc,i. Their respective un-
certainties are σα and σδ. (Internally, our code uses a
local tangent plane to evaluate each difference between
observed and calculated values, to avoid dependence
on a particular coordinate system.)
First, we determine the minimum chi-squared, χ2ref ,
for a reference model that includes the Sun and known
planets, as well as the large TNOs as gravitational per-
turbers. Then we determine the corresponding value,
χ2pert, for a model that includes an additional perturb-
ing planet (Details of the orbit of the perturbing planet
are given below). If the value of ∆χ2 = χ2pert − χ2ref
is negative and significant, i.e. the fit is improved, we
take that as evidence supporting the hypothesis. If the
∆χ2 is positive and sufficiently large, we take that as
excluding a planet with those parameters.
2.1. Orbit fitting
We carry out the fits with an extensively modified
version of Orbfit (Bernstein and Khushalani 2000),
software developed to fit the orbits of TNOs to astro-
metric observations. Orbfit determines the cartesian
position and velocity of the fitted TNO in an inertial
frame at a given epoch. The trajectory of the TNO is
integrated in the gravitational field of the Sun and plan-
ets to the time of each observation, with the topocen-
tric position of the observatory and the light travel time
properly accounted for. The χ2 of the fit of the model
to the observations is minimized using the Levenberg-
Marquardt algorithm (Press et al. 1986). The param-
eter basis of Orbfit is orthogonal and provides an ap-
proximation to the orbital motion that is nearly linear
in the parameters. Thus, the Levenberg-Marquardt al-
gorithm is well-behaved, in this case.
Our modifications to Orbfit include the following:
1. We eliminated Orbfit’s dependence on the tan-
gent plane approximation. Although this ap-
proximation is well suited to fitting TNO ob-
servations that cover a small number of years,
Pluto has traversed nearly 180◦ in true anomaly
over the span of its observations. Thus, a tan-
gent plane does not accurately capture Pluto’s
observed trajectory. Internally we represent
the sky position of the fitted object with a 3-
dimensional, topocentric unit vector directed
from the observatory to the observed location.
However, when comparing the calculated sky
position with those observed, we resolve the dif-
ferences along the RA and Dec directions using
local tangent plane projections (Herget 1965).
2. We replaced Orbfit’s analytic but approximate
expressions for the derivatives of the observ-
able properties as a function of orbital parame-
ters (required by the Levenberg-Marquardt min-
imization routine) with numerical but fully ac-
curate derivatives.
3. We included the Sun and all of the known plan-
ets as perturbers, rather than just the four gi-
ant planets. In addition, we include 10 massive
TNOs as perturbers: see Secn. 2.3 for further
discussion of the perturbation magnitudes aris-
ing from the known TNOs.
4. We upgraded the underlying ephemeris from
JPL’s DE405 to DE432.
5. We replaced Orbfit’s calculation of the topocen-
tric position of the observatory with routines that
use current data for the geocentric observatory
positions from the MPC.
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6. We reduced the time step in Orbfit’s symplectic
leap-frog integrator to 10 days from 20 days.
We emphasize that these modifications are only neces-
sary because Pluto has been observed for such a long
orbital arc and because we are want to ensure that our
results are not limited by the accuracy of the model.
Orbfit results for typical TNOs investigations are still
valid. 1
2.2. Tidal perturbations from Planet Nine
The principal effect of a distant planet is to accel-
erate all of the masses in the solar system toward that
planet. Any perturbation that leaves the relative posi-
tions and velocities of the Sun and planets essentially
unchanged, and that does not significantly accelerate
the solar system barycenter, would be unobservable
(The uniform velocity of the solar system barycenter
is removed in the DE432 ephemeris, as is the case for
other JPL ephemerides). Only changes in the relative
position or velocity between an observing station and
some other reference position or velocity can be de-
tected. Thus, in our case, only the effects of tidal accel-
eration between the observing station and the observed
object are important.
As pointed out by Tremaine (1990) and Fienga et al.
(2016), the most conservative approach is to vary all
of the parameters for all of the bodies when fitting
an ephemeris model to the observations. However, to
simplify our analysis, we assume that Sun and planets
follow the fixed barycentric trajectories given by the
DE432 ephemeris and are not affected by Planet Nine ,
and we vary only the barycentric orbital parameters of
Pluto and other TNOs. We have three justifications for
this approach: First, the DE432 ephemeris is an ac-
curate fit of a very comprehensive dynamical model
to essentially all of the relevant, constraining observa-
tions of the solar system bodies. There is little room
for the Sun and planets to deviate from the trajectories
specified by DE432 while satisfying the observational
constraints; Second, the planets only weakly perturb
the orbits of Pluto and other TNOs. Small changes
in the trajectories of the solar system planets them-
selves due to an additional planet will lead to negli-
gible changes to the perturbations of the solar system
planets on Pluto and the other TNOs; Third, changes in
the location of the observing sites (primarily through
1We will describe these modifications in greater detail in a forthcom-
ing publication. The code is available upon request.
changes in the location of the geocenter), relative to
the solar system barycenter, would be a factor of ∼ 30
smaller than corresponding changes in the location of
Pluto or other TNOs due to any additional accelera-
tion (see below). In Fig 7, we show the results of full
n-body integrations from initial conditions of the Sun,
planets, Planet Nine , and Pluto. We obtain the initial
conditions at a reference time from our Orbfit model-
ing. In the figure we show the difference between the
sky position of Pluto when Planet Nine is included and
when it is not. This demonstrates that the results of a
model in which the positions of the planets are allowed
to vary are essentially indistinguishable from our stan-
dard model, supporting our simplified model.
We include the acceleration of Pluto and TNOs due
to an additional planet in two different ways. First,
we explicitly incorporate the relative acceleration be-
tween Pluto (or the other TNOs) and the barycenter
due to Planet Nine into the equations of motion. The
additional acceleration of Pluto is given by
~¨aP = −GMX
r3PX
(
~rP − ~rX) − GMX
r3X
~rX , (2)
where ~rP is the barycentric position of Pluto (or TNO),
MX and ~rX are the respective mass and barycentric po-
sition vector of the distant planet, rP = |~rP|, rX = |~rX |,
and rPX = |~rP − ~rX |. The primary approximation, as
noted above, is that the additional planet accelerates
the barycenter of the solar system, rather than the in-
dividual solar system bodies. We further assume that
Planet Nine follows a keplerian orbit and is itself un-
perturbed by the other planets. We refer to this ap-
proach as the “moving planet model.”
For our second approach, following Hogg et al.
(1991), we assume that the additional planet is station-
ary and is sufficiently distant that its gravitational po-
tential can be approximated as
Φ(rP) =
GMX
2rX3
[
r2P − 3
(
~rP · rˆX)2] (3)
where rˆX = ~rX/rX , and the corresponding tidal accel-
eration is given by
~¨aP = −GMX
r3PX
[
~rP − 3 (~rP · rˆX) rˆX] . (4)
The strength of the tidal perturbation scales with
MX/r3PX . We refer to this approach as the “tidal
model”. We note that if Planet Nine has a semi-major
axis ∼ 700 AU (Batygin and Brown 2016), its period
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will be ∼ 18, 000 years, and hence over the ∼ 85 year
span of our observations, Planet Nine is approximately
stationary on the sky.
2.3. Large TNOs
There are a number of large TNOs that might also
perturb the orbits of Pluto and other TNOs. Although
these are all substantially less massive than Planet
Nine might be, they are much closer. Thus, in ad-
dition to the gravitational perturbations from the Sun
and planets, we include the perturbations from a set of
large TNOs. The masses of the majority are known
from the orbits of their satellites. For the rest we es-
timated masses. The large TNOs and their properties
are provided in Table 1. Paralleling our assumption
that the Sun and planets follow the trajectories given
by DE432, we assume that the large TNOs follow fixed
orbits.
Over the span of Pluto’s observations, the acceler-
ation of Pluto due to other TNOs at a given time can
exceed that from Planet Nine , for the smaller tidal pa-
rameters of Planet Nine . For example, the direct accel-
eration due to Haumea exceeds the tidal acceleration
from Planet Nine for several years in our simulations.
This does not imply that the long-term effect of those
accelerations is larger than that from Planet Nine . It is
simply a measure of the effect on shortest time scales.
The tidal influence from Planet Nine , with its accel-
eration oriented in the same direction over long peri-
ods, can dominate over other accelerations that tend to
average out. Similarly, resonant interactions between
Pluto and other bodies, even those with small masses,
can dominate.
3. Observational Data
In order to guide the trajectory of the New Hori-
zons spacecraft to its encounter with the Pluto sys-
tem (Stern et al. 2015), a number of groups concen-
trated on improving the determination of Pluto’s or-
bit (Assafin et al. 2010; Benedetti-Rossi et al. 2014;
Girdiuk 2015; Pitjeva 2015; Buie and Folkner 2015).
As part of that effort, Buie and Folkner (2015) used
the DASCH (Grindlay et al. 2009) and DAMIAN (Robert
et al. 2011) scanning systems to remeasure a collection
of photographic plates of Pluto taken by Carl Lamp-
land at Lowell Observatory from 1930 through 1951.
The primary motivation for the re-analysis was to iden-
tify and correct any significant but previously unrec-
ognized systematic errors in the historical astrometry
of Pluto that might be affecting its orbit determination.
JPL’s DE432 ephemeris incorporates the results of the
Buie and Folkner (2015) analysis. The 3-dimensional
positional uncertainty of the Pluto system just prior to
the encounter was ∼ 1000 km. The successful New
Horizons flyby of the Pluto system demonstrates the
accuracy with which Pluto’s location and orbit are cur-
rently known.
Initially, we considered using all of the astrometric
positions of Pluto and TNOs available from the Minor
Planet Center’s (MPC). However, the data set is het-
erogeneous and lacks reported astrometric uncertain-
ties. Thus, we decided to build upon the carefully se-
lected data of Buie and Folkner (2015) for our analysis
of Pluto. We use the MPC astrometry for TNOs only.
For Pluto, we include the astrometry from the re-
measured Lampland plates (Buie and Folkner 2015);
that from a selection of photographic plates from
Pulkovo Observatory that were also remeasured with
modern stellar catalogs (Rylkov et al. 1995); Pluto
or Charon positions from recent occultation mea-
surements of Pluto and Charon (Assafin et al. 2010;
Benedetti-Rossi et al. 2014); and CCD observations
from Pico dos Dias Observatory (Benedetti-Rossi et al.
2014), the USNO’s Flagstaff Station (Stone et al.
2003), and JPL’s Table Mountain Observatory (de-
scribed in Buie and Folkner 2015). Note that, like
Buie and Folkner (2015), we exclude the Lowell data
from 1930, as those data appear to have a systematic
trend that may be due to systematic uncertainties in
their observation times.
We adopt the uncertainties of Buie and Folkner
(2015) for the Pluto astrometry from Lowell and
Pulkovo Observatory. However, we used significantly
smaller astrometric uncertainties for the Pico do Dias
data. Buie and Folkner (2015) argued that the obser-
vations taken within a single night would have corre-
lated errors due to the astrometry being measure by
a common set of stars. Accordingly, they increased
the reported astrometric uncertainties by a factor
√
N,
where N is the number of observation with a night. We
find that this overestimates the uncertainties, based on
the post-fit RMS. We find that increasing the astromet-
ric uncertainties of Benedetti-Rossi et al. (2014) by a
factor ∼ 2 results in a match with the post-fit RMS.
We also used somewhat smaller astrometric uncer-
tainties for the remaining data sets. For the USNO as-
trometry, we adopt 0 .′′09 for both RA and Dec. For
the Table Mountain Observatory astrometry, we adopt
0 .′′07 and 0 .′′05 for the RA and Dec, respectively. For
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Separation Mass M/r3 Mass
Designation Name (AU) (M) (M AU−3 ) Reference
(136199) Eris 102-128 8.35 × 10−9 3.3 × 10−16 − 6.6 × 10−16 Brown and Schaller (2007)
(134340) Pluto+Charon – 7.33 × 10−9 - Stern et al. (2015)
(136108) Haumea 11-58 2.01 × 10−9 3.4 × 10−15 − 5.3 × 10−13 Ragozzine and Brown (2009)
(50000) Quaoar 13-39 7.0 × 10−10 1.2 × 10−14 − 3.2 × 10−13 Fraser et al. (2013)
(90377) Sedna 108-130 5.0 × 10−10 3.2 × 10−16 − 5.6 × 10−16 Assumed
(90482) Orcus 35-73 3.2 × 10−10 1.8 × 10−15 − 1.6 × 10−14 Carry et al. (2011)
(307261) 2002 MS4 17-55 3.2 × 10−10 4.2 × 10−15 − 2.1 × 10−13 Assumed
(120347) Salacia 47-71 2.2 × 10−10 2.0 × 10−15 − 6.7 × 10−15 Stansberry et al. (2012)
(136472) Makemake 16-68 1.76 × 10−10 2.2 × 10−15 − 1.7 × 10−13 Assumed
(225088) 2007 OR10 68-113 1.76 × 10−10 4.9 × 10−16 − 2.2 × 10−15 Assumed
Table 1: The TNOs which were assigned as massive perturbers within our version of Orbfit. The “Separation” refers to
the range of distances between the body and Pluto over the course of the observation set for Pluto. “Assumed” values
for TNO masses were calculated using the TNO (of known mass) with the nearest mean diameter, and assuming mass
scales with diameter cubed.
the occultation data we adopt 0 .′′05 and 0 .′′03 for the
RA and Dec, respectively. The astrometric uncertain-
ties we adopted result in a χ2 per degree of freedom
= 1 for the unperturbed Pluto orbit fits.
We included all TNOs, including SDOs, with semi-
major axes a >∼ 30 AU for which we could fit reliable
orbits. For these objects, we adopt a fixed astrometric
uncertain of 0 .′′27, which results in χ2 per degree of
freedom = 1 for the ensemble of TNOs.
We include a total of 6,677 observations for Pluto,
plus 35,646 observations of other TNOs 2.
Despite the larger number of observations of TNOs
other than Pluto, the Pluto observations are more con-
straining. As noted earlier, the Pluto observations that
we use were collected as part of systematic observing
programs Buie and Folkner (2015). The astrometric
uncertainties are typically significantly smaller and the
time span is much greater for the Pluto observations
than for those of the other TNOs. Although a num-
ber of the bright TNOs also have archival photographic
astrometry that increase the time spans to greater than
60 years, those observations were serendipitous, rather
than part of a systematic observing programs. In all
cases, there are just a few archival data points that are
separated from rest by decades. Although the archival
observations tightly constrain the orbital elements of
the TNOs, they do not appear to add significantly to
the constraints on Planet Nine . That could change if
the plates were re-measured, but we are not aware of
2We provide online tables of all observations (Insert link at time of
publication)
a program to systematically re-measure those photo-
graphic plates, such as the Buie and Folkner (2015)
program for the Lampland plates.
4. Tiling the Sky
The gravitational influence of a perturbing planet
depends upon its direction and distance from other
bodies in the solar system. We use the HEALPix
tiling of the sky (Go´rski et al. 2005) to test a com-
plete set of perturbing planet locations, uniformly dis-
tributed on the sky. For the results presented in Sec-
tion 5, we concentrate on the Nside = 24 = 16 reso-
lution level, resulting in 3072 tiles. We interpret each
HEALPix location as representing an individual possi-
ble perturber position in an equatorial frame. We then
transform these within Orbfit to ecliptic coordinates, as
well as the body-specific projection coordinates used
in Orbfit (Bernstein and Khushalani 2000). For a given
HEALPix tile, i.e a given RA & Dec, we study a range
of distances and masses for Planet Nine .
When we adopt the tidal potential of a stationary,
distant planet, nothing more needs to be specified, as
the object is stationary.
In the case of a moving planet, we assume its orbit
is circular (e = 0) and prograde with semi-major axis
a = rX . For components of the unit vector to Planet
Nine in ecliptic coordinates x, y, and z, we take the in-
clination to be i = sin−1 z. We adopt ω = pi/2 for z ≥ 0
and ω = −pi/2 for z < 0 for the argument of perihelion,
and Ω = θ−ω−M0 for the longitude of ascending node,
where θ = tan−1(y, x) is the ecliptic longitude and M0
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is the mean anomaly at a reference date, which we take
to be zero at JD 2436387.0 (1958 July 2.5). This places
Planet Nine at the specified location toward the middle
of our data span for Pluto.
To test the dependence of our results on the rate
and direction of motion of Planet Nine , we also ex-
plored retrograde and polar orbits, following a similar
approach. As we demonstrate below, our results do not
depend sensitively to the details of Planet Nine ’s orbit.
5. Results
Using the methods described in Section 2, we per-
form fiducial orbit fits for Pluto and all the other TNOs
in an unperturbed Solar System model (i.e. with no
Planet Nine ). The resulting orbits of Pluto and the
other TNOs are in detailed agreement this those avail-
able from JPL or the MPC. Figures 1 and 2 facilitate
comparison with the fits of Folkner et al. (2014) and
Buie and Folkner (2015) with our results.
5.1. Level of Significance
After determining the best-fit orbit of Pluto assum-
ing no additional perturber, we now evaluate whether
the inclusion of Planet Nine improves or degrades the
fits.
As noted in section 4, we evaluate our two models,
tidal and moving planet, at a full range of locations on
the sky. At each of those locations the direction of the
perturbation, either the tidal perturbation vector or the
location of Planet Nine at a reference epoch, is fully
specified by two position angles. We add a perturba-
tion due to Planet Nine using the moving planet and
tidal methods of Eqn.2 and Eqn.3, respectively.
For the tidal model, we introduce one additional de-
gree of freedom: the magnitude of the perturbation
(which scales as MX r−3X as per Equation 3). For the
moving planet model, we introduce two additional de-
grees of freedom: the separate mass and semi-major
axis of the planet.
If, in reality, there is no additional planet in the so-
lar system, the fits will be slightly improved simply by
introducing additional degrees of freedom, ∆χ2 = 1
and ∆χ2 = 2, for tidal and moving planet models, re-
spectively. However, with 3−σ confidence, we expect
∆χ2 < 9 and ∆χ2 < 11.4 (Press et al. 1986). More sub-
stantial improvements in the fits can be taken as ruling
out the null hypothesis that there is no additional planet
or unmodeled acceleration.
Likewise, if the inclusion of Planet Nine degrades
the fits by more than these thresholds, we take that
as strongly favoring the null hypothesis over an ad-
ditional planet, i.e. excluding a perturber with those
parameters.
We caution that these confidence intervals assume
the errors are normally distributed and uncorrelated,
which is not the case. However, our results do not de-
pend sensitively on the threshold value of ∆χ2.
5.2. Perturbed Orbital Fits
We begin by illustrating in Figure 3 the results we
obtain for a perturber at a few specific locations on the
sky.
For each of these locations, we define a unit vec-
tor toward that point and then explore a variety of
masses and semi-major axes, which span a range of
10−14 − 10−10 MAU−3 in the tidal perturbation. (For
reference MX ∼ 10M⊕ at RX ∼ 600 AU yields a tidal
parameter MX/R3X ∼ 1.4 × 10−13. For both the tidal
and moving-planet perturbation models we refit all or-
bits using Orbfit and calculate the change in ∆χ2 =
χ2pert − χ2re f as described in Section 2.
In Figure 3 we plot ∆χ2 as a function of the pertur-
bation magnitude for three different example locations
on the sky. We find that the tidal model and the full or-
biting planet model are similar in all cases. The small
variations that can be seen in the moving planet mod-
els are due to the spacing of the grid points in mass and
semi-major axis, rather than being a numerical artifact.
In the top panel, we plot results for a perturber at
RA,Dec = 180◦,−27◦. For regions similar to this ex-
ample, all perturbation magnitudes lead to a worsening
of the fit, and hence we can only provide upper lim-
its on the perturbation scale (dashed lines in the above
plots) which are within ∆χ23σ of zero. In this top plot
we rule-out perturbations >∼ 2 × 10−13 M AU−3.
In the middle and bottom panels, we plot results for
perturbers at RA,Dec = 208◦, 32◦ and at RA,Dec =
30.9◦,−15.4◦, respectively. For regions of the sky sim-
ilar to these, some perturbation magnitudes improve
the fits. Thus, we can find the perturbation magnitude
at the ∆χ2 minimum, the range of perturbation magni-
tudes within ∆χ23σ of that minimum, and an upper limit
on the perturbation. For both of these example regions
we see that the best-fit perturbation is approximately
10−11M AU−3.
We now divide the sky into 3, 072 regions using the
HEALPix tessellation described in Section 4, and re-
7
Fig. 1.— Zoom-in on the unperturbed model of Figure 6 for the 1930-1950 period, plotting the residuals (observations
- model), where the observations taken at different observatories are plotted in different colors. Y-axis scale chosen to
facilitate comparison with Buie & Folkner (2014).
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Fig. 2.— Zoom-in on the unperturbed model of Figure 6 for the 1970-2010 period, plotting the residuals (observations
- model), where the observations taken at different observatories are plotted in different colors. Y-axis scale chosen to
facilitate comparison with Folkner et al. (2014).
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Fig. 3.— Examples of ∆χ2 for Pluto as a function of
perturbation magnitude. Results for the tidal perturba-
tion model (eqn. 3) are plotted in green. Those for the
full orbiting planet model (eqn. 2) are shown in blue.
At the top we plot results for a perturber at RA,Dec =
180◦,−27◦. In the middle we plot results for a per-
turber at RA,Dec = 208◦, 32◦. On the bottom we
plot results for a perturber at RA,Dec = 30.9◦,−15.4◦.
Dashed horizontal lines indicate the 3σ confidence
limits. Perturbations causing ∆χ2 greater than this
limit can be excluded. For regions of the sky with re-
sults similar to those at the top we can only provide up-
per limits on the perturbation scale (dashed lines in the
above plots) which are within ∆χ23σ of zero. In this top
plot we rule-out perturbations >∼ 2 × 10−13 M AU−3.
For regions of the sky similar to the middle and bot-
tom plots, not only can we provide upper limits, but
we can also find the perturbation scale at the absolute
minimum ∆χ2.
peat the fitting procedure illustrated in Figure 3 at each
location. We plot these all-sky results in Figure 4.
In Figure 4, the plots on the left show the results
from the tidal model of Eqn. 3, while the plots on the
right are from the full moving-planet model of Eqn.
2. The plots at the top illustrate the maximum allowed
perturbation (corresponding to the dashed-lines in Fig.
3). The plots at the bottom illustrate the perturbation
scale at the absolute minima.
We draw a few key conclusions from Figure 4:
1. The results from the tidal and moving planet
models are essentially identical. The figures
only differ near the margins.
2. There are broad regions of the sky (located on
the opposite side of the ecliptic from the orbit
of Pluto) for which we can rule out perturbation
magnitudes >∼ 3 × 10−13 M AU−3.
3. For regions straddling the orbit of Pluto, we
can only limit the perturbations to being ≤ 3 ×
10−11 M AU−3. Much of this same region also
permits a significant decrease in χ2 of the kind
illustrated at the middle and bottom of Figure
3, with a broad minimum centered around ∼
10−11 M AU−3.
4. We add to the physical and dynamical align-
ments already noted in the literature (Trujillo
and Sheppard 2014; Batygin and Brown 2016;
Malhotra et al. 2016), and highlight an interest-
ing (but possibly coincidental) dynamical align-
ment between the ascending node of Pluto and
the proposed ascending node for Planet Nine .
To elaborate on the moving planet model results
from Figure 4, we show in Figure 5 the minimum and
maximum perturbations which are permissible while
retaining
/
∆χ2
/
> ∆χ23σ.
These plots demonstrate that in the region broadly
straddling the orbit of Pluto, the minima are rela-
tively narrow for an individual healpix, but difference
regions of the sky permit perturbations in the range
10−12 − 10−10 M AU−3.
In Figure 8 we provide further illustration of our
constraints, comparing the perturbation magnitudes
we favor (and rule out) with the perturbation mag-
nitudes favored (and ruled out) by Fienga et al.
(2016) for the specific nominal orbit of Batygin and
Brown (2016). Here it can be seen that (a) the con-
straints placed on the perturbation magnitude of Planet
10
Fig. 4.— All-sky constraints on the perturbation from Planet Nine , derived from simultaneous orbital fits to > 500
TNOs (including Pluto). The plots on the left show the results from the tidal model of Eqn. 3, while the plots on the
right are from the full moving-planet model of Eqn. 2. The plots at the top illustrate the maximum allowed perturbation
(corresponding to the dashed-lines in Fig. 3). The plots at the bottom illustrate the perturbation scale at the absolute
minima (corresponding to the dotted lines from the bottom plot in Fig. 3). To guide the eye we plot the ecliptic (gray
dashed line), Pluto (green line) and the nominal orbit of Planet Nine (black line) from Batygin and Brown (2016).
Note the orbit of Pluto also has the observational data points over-plotted in larger green points. It can be seen that the
tidal results on the left are extremely similar to those of the full orbiting planet model across the entire sky.
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Fig. 5.— All-sky constraints on the perturbation from Planet Nine , derived from simultaneous orbital fits to > 500
TNOs (including Pluto): all plotted results are from the full moving-planet model. The plots at the top-left illustrate the
maximum allowed perturbation (corresponding to the dashed-lines in Fig. 3). The plots at the top-right illustrate the
perturbation scale at the absolute minima (corresponding to the dotted lines from the bottom plot in Fig. 3). The plots
at the bottom-left illustrate the minimum allowed perturbation within ∆χ23σ of the absolute minimum. The plots at the
bottom-right illustrate the maximum allowed perturbation within ∆χ23σ of the absolute minimum. To guide the eye we
plot the ecliptic (gray dashed line), Pluto (green line) and the nominal orbit of Planet Nine (black line) from Batygin
and Brown (2016). Note the orbit of Pluto also has the observational data points over-plotted in larger green points.
It can be seen that over large regions of the sky we can exclude perturbation scales larger than ∼ 3 × 10−13M AU−3
(black and purple regions, top left plot). Close to the orbit of Pluto and the nominal path of Planet Nine , we can only
rule out perturbations larger than ∼ 3 × 10−11M AU−3 The plots at the top-right and in the bottom-row illustrate that
large perturbations ( >∼ 10−11M AU−3:orange regions) are able to significantly improve the fits.
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Nine are significantly tighter from the Cassini ranging
results of Fienga et al. (2016), and (b) the unmod-
elled residuals in the Pluto data demand a very high
tidal perturbation to “correct” them. We discuss these
issues further in Section 6.
6. Discussion
Our results are sensitive to the tidal parameter,
MX/r3X , and insensitive to the individual mass or ra-
dius (see Figures 3 and 4). The upper limits to the
tidal parameter seen in Figures 5 and 8 span the range
10−12 − 10−10 M AU−3, or
3 <
(
MX
1M⊕
) ( rX
100 AU
)−3
< 300. (5)
This is very much closer and/or more massive than
the nominal Planet Nine model of Batygin and Brown
(2016), which would predict 3×10−14 − 10−12 M AU−3
for a 10 M⊕ planet in an orbit ranging from ∼ 300 −
1, 000 AU.
A few caveats accompany our results. Some of
these concern the data themselves and some concern
our model.
6.1. Data
The most important caveat is that long-term sys-
tematic errors in the astrometry could strongly influ-
ence the fits. Buie and Folkner (2015) took great care
to develop a reliable astrometric data set with which
to better determine Pluto’s orbit. The successful New
Horizons encounter demonstrates the overall accuracy
of the resulting ephemeris. Our work is built upon that
strong foundation, but systematic errors are still evi-
dent in the residuals.
In particular, a clear trend in the declination resid-
uals can be seen in Figure 6 for 1930-1950. Al-
though the inclusion of Planet Nine significantly re-
duces this trend, it does not generally eliminate it. We
believe that the large residuals are affecting our fits,
and large perturbation magnitudes (Figure 7) are re-
quired to compensate for those residuals.
The early, photographic observations are the most
likely to suffer from systematic errors. The magni-
tude of the scatter in the astrometric measurements is
understood (Buie and Folkner 2015), but the trend in
declination is not. We are not aware of a systematic
error that would result in a persistent trend over two
decades. It seems unlikely to be the result of zonal er-
rors in the stellar catalogs: Buie and Folkner (2015)
measured Pluto’s position against modern stellar cata-
logs, with accurate proper motion estimates.
The relatively few points in the 1950-1990 era,
when photographic plates were still used and before
CCD cameras were available, have little influence on
the fits. However, we note that the residuals in the
1960-1980 era tend to be high in declination, oppo-
site that seen in the earlier data. We recommend that
other archival photographic plates of Pluto and other
TNOs, particularly from the 1960-1980 era, be remea-
sured with the same care that Buie and Folkner (2015)
remeasured the Lampland plates.
Timing uncertainties could be substantial for the
early observations, as the accuracy of the recorded
observation times rely upon the care and attention of
the observers, as well as the accuracy of the time-
keeping itself (see Buie and Folkner 2015 for an in-
teresting discussion of time-keeping at Lowell Obser-
vatory). However, it is not clear how a trend might
result from timing uncertainties. We explored allow-
ing for time offsets for the early observations (results
not illustrated here), effectively trading one dimension
of each astrometric observation for more precise de-
termination of the observation. Preliminarily, we find
that this effectively eliminates the RA residual, but it
leaves the declination residuals broadly the same.
If the residual trend in declination were smaller it is
possible that the favored perturbations would also be
smaller. In a future publication, we explore the depen-
dence of our results on these trends.
6.2. Model
The masses in our model are not fully interacting
in a self-consistent manner. However, we validated the
assumptions of our model and its underlying numeri-
cal integrations (see the clear agreement in Figure 7).
Thus, the effect of ignoring some planetary interac-
tions must be small.
The acceleration from TNOs, e.g. Haumea, can ex-
ceed that from Planet Nine for some brief periods of
time in our integrations, but without significantly alter-
ing the results, as in almost stages of all of our integra-
tions the dominant perturbation is from Planet Nine .
We estimated the masses of several of the large TNOs
that we included as perturbers, and while the uncer-
tainty in these masses obviously affects our results, any
mass corrections will be small and hence remain sub-
dominant to the modelled effects from Planet Nine .
Some features of the Kuiper belt, such as the
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Fig. 6.— Residuals to orbit fits. Top row: we show the RA (left) & Dec (right) residuals to the unperturbed
orbital fit of Pluto (black) and the residuals to a perturbed fit (red) in which the perturbing planet has sky coordinates
RA,Dec = 208.1◦, 32.8◦ and has mass 10−4M and semi-major axis 250 AU. This corresponds to the middle plot of
Fig. 3. Overplotted as transparent lines are 5-year rolling averages of the residuals for both fits, demonstrating that the
data close to 1930 displays a significant, positive trend in declination residual. Bottom row: we plot the difference
between these models (perturbed - unperturbed). It can be seen that the perturbed model (which has a ∆χ2 ∼ -366)
systematically lowers the declination residuals close to 1930, but in this example, a slight trend still remains.
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Fig. 7.— Residuals to orbit fits. Top: we plot the RA (left) and Dec (right) differences between perturbed and
unperturbed models for three different perturbation magnitudes. These models are for sky coordinates RA,Dec =
180◦,−27◦, corresponding to the top plot of Fig. 3, and a region in Fig. 5 for which we strongly exclude perturbations
down to ∼ 10−12. Middle: we plot models for sky coordinates RA,Dec = 208.1◦, 32.8◦. This perturber position
corresponds to the middle plot of Fig. 3, and a region in Fig. 5 for which we find a significantly improved fit with
a perturbation ∼ 10−11. Note that the blue lines in the middle row are repeated from Figure 6. Bottom: we repeat
this analysis for sky coordinates RA,Dec = 30.9◦,−14.5◦, corresponding to the bottom plot of Fig. 3 and a region
in Fig. 5 close to both the orbits of Pluto and Planet Nine , and for which we again find a significantly improved fit
with a perturbation ∼ 10−11. In each of the figures, the red lines are insignificant ( perturbation magnitudes are too
small, giving ∆χ2 close to zero). In the top plot, the blue and black lines can both be excluded as the perturbation
magnitudes are too large. In the middle and bottom plot the blue lines are close to the local ∆χ2 minima, and it can
be seen that both models cause significant modification to the Declination values close to 1930. In addition to our
standard model results in small, bold points, we also plot the results of the full n-body fit described in Section 2, using
broad, transparent lines, making it clear that there is no discernible difference between our standard method (assuming
the JPL DE 432 ephemeris) and the full n-body integrations.
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edge near 50 AU for the cold classical, are not obvi-
ously explained by Planet Nine. Some investigations
have argued for closer planets, possibly more that
one (Brunini and Melita 2002; Lykawka and Mukai
2008; Bromley and Kenyon 2016a; Kenyon and Brom-
ley 2016a). There are undoubtedly unknown solar sys-
tem masses that are not included in our model, which
are yet to be discovered, and which may be significant
perturbers. There could be more than one additional
massive and distant object, or there could be additional
smaller and closer planets. Investigating the influence
of more than one additional planet is beyond the scope
of the present investigation. Closer planets would be
more easily detected through means such as astromet-
ric microlensing (Gaudi and Bloom 2005).
In Figure 8 we compare the results of Fienga et al.
(2016) with our own results for the specific nomi-
nal orbit of Planet Nine from Batygin and Brown
(2016). The tidal parameters favored by our mod-
els are larger than those suggested by Batygin and
Brown (2016) and supported by the Cassini range ob-
servations (Fienga et al. 2016). One possible resolu-
tion of this apparent inconsistency is the presence of
more than one additional planet. If one planet were
at 60 − 100 AU, closer to Pluto, it would not have to
be as massive as Planet Nine to significantly perturb
Pluto for a period of time. The Cassini range obser-
vations would not necessarily be significantly affected
by such a planet, because those data are only sensitive
to the tidal acceleration, rather than the direct acceler-
ation. Furthermore, the Cassini data are from a very
different range of times.
7. Conclusions
We have used astrometry of Pluto and other TNOs
to constrain the sky location, distance, and mass of
Planet Nine . We find that over broad regions of the
sky the inclusion of a massive, distant planet degrades
the fits to the observations. However, in other regions,
the fits are significantly improved by the addition of
such a planet. Our best fits suggest a planet that is
either more massive or closer than argued for by ei-
ther Batygin and Brown (2016) or Fienga et al. (2016).
The trend to favor larger and closer perturbing planets
is driven by the residuals to the astrometry of Pluto,
remeasured from photographic plates using modern
stellar catalogs (Buie and Folkner 2015), which show
a clear trend in declination, over the course of two
decades, that drive a preference for large perturbations.
Fig. 8.— Constraints on Planet Nine arising from this
work and that of Fienga et al. (2016). The perturbation
magnitude as a function of true anomaly is plotted in
grey for the nominal orbital of Planet Nine in Batygin
and Brown (2016). The red points on the orbit are ex-
cluded by Fienga et al. (2016), while the green points
on that line are favored. For our study using obser-
vations of Pluto, our upper limits on the perturbation
magnitude are plotted as the upper red line, while the
perturbation magnitude range which improves the fit
is plotted as a green range. N.B. For points on the sky
away from the nominal orbit we can place more strin-
gent constraints.
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Although this trend may be the result of systematic er-
rors of unknown origin in the observations, a possible
resolution is that the declination trend may be due to
perturbations from a body, additional to Planet Nine ,
that is closer to Pluto, but less massive than, Planet
Nine .
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